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FOREWORD 1 

■ ■ 

This report is the eleventh in a series describing research in re-entry v 
phenomenology performed by PhiIco-Ford Corporation as part of the Advanced 
Penetration Problems (APP) project. The work described herein was sponsored 
by the U. S. Air Force and the Advanced Research Projects Agency and moni- 
tored by the Space And Missile Systems Organization, USAF, under Contract 
Ho. F04701-70-C-0130 Modification P0004. 

Previous technical reports in this series have presented the turbulence 
structure in .flow fields representative of those encountered in re-entry 
flight. Such experiments have included compressible axi-symmetric and two- 
dimensional wakes and highly heated plasma Jets in which the electron be- 
havior was measured together with the gasdynamical turbulence. New tech- 
niques and devices were introduced to overcome the rigors of high-speed, 
high-temperature flows and the greatly increased complexities of compres- 
sible turbulence. The present report deals with the mean flow from a 
hypersonic turbulent boundary layer experiment. Analog hot-wire anemometer 
signals from the same experiment have been stored on magnetic tape, and a 
detailed profile of the turbulent flow in that boundary layer will be ana- 
lyzed and presented in a forthcoming report. 

In addition to the support and encouragement of the agencies mentioned 
above, the authors wish to acknowledge the assistance of Lee Von Seggern 
and the  expertise with which Ernest L. Doughman prepared the smallest hot- 
wires (0.00001" diameter) ever to be used in supersonic or hypersonic flow. 
The work further benefited greatly from previous work done in the same 
wind-tunnel by Or. John Laufex of the university of Southern California 
and Dr. Harry Ashkenas of the et Propulsion Laboratory (NASA) and their 
coworkers.        l 
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ABSTRACT 

An experimental investigation was carried out to determine the structure of 
the turbulent boundary layer on the wall of the Jet Propulsion Laboratory 
Hypersonic Wind Tunnel at a free-stream Mach number of 9.37. Profiles of 
flow properties were obtained from pitot pressure, static pressure, and 
total temperature surveys made through the 6 inch thick boundary layer at 
a station 160 inches from the nozzle throat. Test, wert; conducted pri- 
marily for the following conditions: unit free-stream Reynolds nucber of 
127,000 per inch, corresponding to a Reynolds number based on momentum 
thickness of 36,800, and a wall to free-stream total temperature ratio of 
0.385. A cursory examination of the boundary layer was also made ar -. 
unit stream Reynolds number of 67,000. The static pressure measuresnts, 
although indicating negligible streamwise variation, revealed the existence 
of a significant pressure gradient normal to the wall. With the pressure 
at the wall approximately 45Z greater than its free-stream value. The ~ 
data indicate that the profile of total temperature ratio versus velocity 
ratio agrees with the linear Crocco theory in the sub-layer region, but 
in the outer portion of the boundary layer, closely follows the quadratic 
relation which has been observed to characterize nozzle wall measurements. 
The data also indicate that the sub-layer is 0.05 to 0.10 inches thick 
which corresponds to only several percent of the total boundary layer 
thickness. Correlation of the velocity profile with the conventional in- 
compressible profile shows poor agreement in the sub-layer and wall-of-the- 
wake regions, with the latter attributed primarily to the pressure gradient 
normal to the wall.  However, the experimental skin friction coefficieuw 
agrees with the value predicted by the Van Driest theory within several 
percent. Finally, the total temperature profile determined from a hot-wire 
anemometer traverse through the boundary layer is in good agreement with 
the thermocouple measurements. 
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SECTION I 

INTRODUCTION / 

1.1  PURPOSE 

The hypersonic turbulent boundary lay-r has not been studi-H r^ ,u 

Z^Tr ^  itS 1^"-" ^ -entry ph'noLno ^ ^TMs U tT" 
fonclil    l^    0r.the Curbulence characteristics of such a layer ^hich 

pi a" c at :; lornS TH165
 " ^ 4-5 <Ref— 1). have rece^ei o^ly 

especiiuv of  tr;  ^f ^ ' COmplete StUdy of the ^P-sonic layer, especially of its turbulence, would fulfill several urglt need.   It 

viscosity  and thus improve bonndarv-layer theori^  A  ,  .u        . 
it would provide a valid statistical ^del forlrL:. r examp-le' 

^r^i-^dr-tiy — ™-" ^T^^obCi":;^ 

Lnt  s" h'a     '^ la>'er..^" b^n-ered without repea L  L e^r^- 

ready c^ ecter^r^^  librar>"of the — signal, hfs been al- 
ready collected.  The mean ^average) signals necessary to describe the^ 
^an^flow properties have been reduced and are presented in  hi report 

Irlte them rt^0'6"1:5 ^ "^ t0 "^ ^ turbulence da^a"nd ^p- 
arate them into contributions from the various turbulence modes AnalvX 
of the fluctuation measurements will be presented ^ a sub^t ^ort 

1.2  EXPERIMENT DESIGN 

The following criteria were set in designing this experiment: 

a.   Continuous flow was required to allow tl.e boundary conditions 

and';' "i  trPeratUre) tü be Wel1 established and *hu. Jll deUned 
and to ouke the turbulence measurements possible. defined. 

ru       h\    -hick boundarY layers, to increase uhe spatial resolution of 
he probes> t0 enable probin?,.the subl     and to 

P he  irbulence 
frequencies to a manageable range. ^ turbulence 

rltruV       -^-^"^"fional fjow, to enable comparison with the sir.pler 
turbulent boundary layer theories.. simpler 

/'   VerV hi^h Reynolds numbers  to enable the layer '^ roxrh   A 
equilibriu^T^sCmabi; the asymptotic fo-r ^        ^ d>na"1C 

■■\ 

fcfl, !'  ^ch """--bers higher than 6. so as "to approach a range of pract- 
ical interest and one where turbulence was notVeviously studied' 

-I- I  
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*     .f'       Stagnatiou temperatures   lower  than abtmr   I7nn0F  ^ 
vival of  the hot-wire anea^eter. ' F t0 lnSUre sur- 

iotroLed-W:tPthr^s^
radl>nr   SO  that  n0 arbitrary complexities would  be 

te^erature.     To obtain turbulence,   thick« the   l^er"^       P T^"" """' 
a ver,   long  flat  plate would be   needed       me co,l^f i ^"^'^  It 
would  be  prohibitive however     „J ,w 5UCh a P1'" ,»del 

sideval. Jonndar,  tayet^'^chl L^e""""0" "5 dr^" " USi"e the 
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SECTION II 

FACILITY DESCRIPTION 

The above requirements were well fulfilled by making use of the two-dimen- 
sional flexible nozzle 21-inch Hypersonic Wind-Tunnel (HWT) at the Jet 
Propulsion Laboratory (JPL) in Pasadena, California. This facility is 
described in Reference 2, and is shown in general view on Figure 1   Its 
proximiryxto Philco-Ford, flexible schedule, and low cost made this faci- 
lity very attractive for this work.  Tne flow in this tunnel is contin- 
uous, the Mach number is adjustable from 4.5 to 10.5 and the unit Reynolds 
number can approach 150,000 per inch (1.8 x 106ft 6f.-l ).  The Reynolds num- 

5 based on layer thickness i  were known to be of order 600,000 and\ bt-r R 

Re^ was estimated capable of reaching 20,000.  Furthermore, favorable 
evidence of two-dimensionality, repeatability and dynamic equilibration 
in the sidewall boundary layer of this tunnel had already been collected 
by Laufer, \shkenas and Gupta (Reference 3) under conditions satisfying 
the criteria of Section I; this will be discussed further in Section V, 

It was decided to make these tests in the boundary- layer growing over the 
upper wall (ceiling) of the 21-inch high x 20 inch wide tunnel test section 
whose layout is seen in figure 2, and which is a smooth internally water- 
cooled surface.  The point of measurement is at the mid-span position (10 
inches from each sidewall) and lies 160 inches downstream of the nozzle 
throat.  The conditions selected were: 

Mach number:       M^ =  9.4 (nominal) 

^ 

Total pressure: 

Total temperature: 

Reynolds number: 

P 3200 and 1700 cm Hg 

T 
o = 10000F 

Re = 127,000 per   inch 

= 67,000 per   inch 

= 3200 cm Hg 

= .1700 cm Hg 

Although most of the tests were performed at P = 3200 cm Hg, a single 
boundary layer traverse, with measurements made at nine points ranging 
from I to 5 inches from the wall, was also carried out at P = 1700 cm Hz, 

During operation of the Wind Tunnel, pressure and temperature data are 
collected automatically using the JPL Win» Tunnel Data Acquisition System 
a computer controlled recording device.  Analog signals are conditioned 
at the test site and then transmitted to a central acquisition area where 
they are digitized and stored in the computer memory.  The data can be 
sent back to the site for printout by a Hne printer and display on a 
visual monitoring channel. 
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SECTION III 

DIAGNOSTIC PROBES AND PROCEDURES 

The local mean flow properties were found by combining readings taken with 
a pitot probe, a static pressure probe and a total-temperature probe. 
Basically these readings, when used with aerodynamic formulas such as the 
ideal gas law and the Rayleigh pitot relation, yield the local flow velo- 
city, density, longitudinal velocity, etc.  Once these are known, non- 
dimensional quantities, integral properties and some "wall" effects ci.r. 

be computed. 

The diagnostic probes were mounted on an instrumentation "rake" shown in 
Figure 3, with their sensing tips lying on a straight line normal to the 
flow and parallel to the ceiling.  The two outboard and the center probe 
positions were occupied by 1/8 inch diameter pitot tubes, with the two 
intermediate positions occupied by a total-temperature probe and the hot- 
wire anemometer.  The probes were separated by a distance of J inches. 
As shown in Figure 4, the static pressure tube is attached under the rake, 
below the center pitot probe, with its sensing orifices vertically sepa- 

rated from the other probes by 5/16 inch. 

To improve the resolution of the pitot survey near the wall, several tests 
were performed with a miniature probe fitted to the tip of one ot the out- 
board pitot tubes.  The miniature probe was comprised of a flattened tube 
with an opening 0.008 inches high and 0.060 inches wide.  In order to 
approach the wall without interference the tube was bent S-shaped so that 
Us opening was vertically offset from the remaining probes.  The hot-wire 
anemometer was designed in a similar fashion.  Figure 4 shows an end view 
of the rake, as seen by the approaching flow, indicating the various off- 
sets which had to be accounted for during data reduction. 

i - 

The rake was suspended on an actuator mechanism by which the distance Y 
between the wall and the probes could be fixed with a precision of 0.001". 

, During the tunnel/run Y could be changed continuously at arbitrary speed 
for a maximum stroke of 8 inches.  Data were taken only after the rake 
h\d been at the desired Y position for several minutes, so as to allow 
th^ probe readings to equilibrate.  During operation of the tunnel, a 
difficulty arose in determining the Y = 0 position of the rake.  Because 
of the pressure differential across the wall of the wind tunnel, the ceil- 
ing shifted downward approximately 0.030 inches.  Although the test section 
was provided with viewing ports, the diameter of the port was less than 
the height of the test section.  This prevented a horizontal line-of-sight 
through the test section at Y positions near the wall, ani in particular, 
at the location of the ceiling itself.  The following procedure was final- 
ly used to define the location of the ceiling during a run.  With air-otf 
the Y indication of the rake with the uppermost pitot tube inanediately 
adjacent to the ceiling was recorded.  The rake was moved away from the 
wall, tne tunnel was turned on and as the rake was slowly noved upward, 
the uppermost pitot tube and the image formed by its reflection from the 
ceiling were observed visually until the two merged.  Thir. position of the 
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rake, which could be decerained within 0.005 Inches, was defined as Y - 0 
and all Y Indications were corrected by the difference between.the air-on 
and air-off zeros. 

The scheaatlc of the data recording systea Is shown in Figure 3 (for clarity, 
the static pressure probe has been omitted).  Pressure, teaperature, and Y . 
position aeasureaents are processed by the Wind Tunnel Data Acquisition Sys- 
tea and printed out by the JPL line printer for iiaedlate aonltoring by the 
test personnel.  In addition, the center pitot pressure, the total teaper- 
ature and the Y position data, together with the hot-wire signals, are re- 
corded on magnetic tape to provide a peraanent data file for subsequent. 
processing. 

V 

It is clear that aore diagnostic probes were available on the rake than 
were needed for deteraining the local flow conditions. The final data re- 
duction utilized the data froa the center pitot tube,* the static pressure 
probe (corrected for Y offset) and the total teaperature probe. Although 
the latter is laterally offset froa the other two by 3 inches, the evidence 
of two-dimensionality presented in Section V allowed the use of this read- 
ing without fear of error due to lateral gradient effects. The hot-wire 
probe, also offset by 3 inches from the center offers an independent aea- 
sureaent of local total teaperature T0 and unit Reynolds number.  These 
were used as redundant cross-checks on T0 and Reynolds nuober (see Section 
VIII). The turbulence data collected with this probe will be described 
in a later report. 

For Y distances less than 0.8 inches, data froa the miniature probe was 
used. However, as shown later, the pressures recorded at the three pitot 
probe positions were in excellent agreement for distances close to the wall, 
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SECTION IV 

INSTRUMENTATION 

4.1 PRESSURE TRANSDUCERS 

Pressure measurements were made with Scatham Instruments absolute pressure 
transducers which utilize an unbonded, fully active, strain gage bridge as 
the sensing element.  Pitot or impact pressures were measured using model 
PA208TC-K transducers, with a range of 0 - 15 psia, while a model PA208TC-5 
transducer, with a range of 0 - 3 psia, was used to record static pressure. 
Before each run the transducers were subjected to full vacuum to adjust 
the zero setting and then calibrated with a Mcl-eod gage over the antici- 
pated pressure range. A check of the zero setting was made just prior to 
and immediately after each run.  The pitot transducers exhibited relatively 
stable characteristics with negligible zero point drift.  The static pres- 
sure transducer, however, was initially observed to drift»an amount cor- 
responding to approximately 5-107. of the nominal measured pressure.  This 
problem was alleviated to a large extent by mounting the transducer in a 
temperature controlled water-cooled housing. 

The signals from the transducers were converted to digital form for visual 
display and printout, with the pitot pressure output appearing as 100 counts 
per cm Hg and the static pressure output as 200 counts/mm Hg.  While the 
error in the pressure readings was approximately 17., the accuracy of both 
measurements was dictated by non-linearity and hysteresis of the trans- 
ducers which was 0.757. of full scale. This is of the same order as the 
value of the static pressute throughout the boundary layer and of the pitot 
pressure near the wall.  The resolution of the transducer therefore may have 
contributed to the observed scatter in the static pressure data. Sections 
V and VI, and to the Uncertainties in the velocity profile. Sections IX 

and X. 

Both measurements were examined for corrections due to various probe effects. 
The static pressure measurements had to be corrected for viscous interaction 
effects as described in Section VI.  The influence of thermal creep ahd vi- 
brational degree-of-freedom effects on both the static and pitot pressures 
was examined and found to be negligible.  In addition, viscous^4,5' and 
rarefaction effects^ ' on the response of the pitot pressure probe were 
investigated. FKot  the large pitot probe, the corrections due to these ef- 
fects did not exceed 17. and were therefore ignored.  Fjpr the miniature pitot 
probe the viscous interaction effect was more^pronounced, reading an esti-" 
mated maximum of 10% near the wall.  However, experimental data on viscous 
corrections is scarce and restricted to specific probe georoetriesr which 
differ considerably from the probe used in the present tests.  For this 
reason, and since the possible error did not exceed 107., no correction was 
applied and the miniature probe data was used as recorded. 

11- 
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4.2    TDIAL-TIOfFERATURE IHOBE 

I 
As explained previously. Che total temperature probe consisted of a type J 
iron-constantan theraocouple. The thermocouple leads were inserted through 
and cemented in a 3/32 inch diameter alumina tube which was then installed 
in the 1/8 inch O.D. copper tube located on the instrumentation rake", the 
alumina body was notched and the adjacent tube wall grooved so that the 
thermocouple could be held in position by a spring slip inserted over the 
tube. The thermocouple junction was positioned 7/16 inches from the open- 
ing of the copper tube and three .031 inch diameter vent holes were drilled 
through the tube wall at this same location. \ 

The signal from the thermocouple was also converted to digital form for 
display and printout with 80 counts corresponding to 1 mV. /The accuracy 
of the probe measurement, however, was dictated by the precision with which 
the tunnel supply temperature could be controlled.  During I  run. the sup- 
ply temperature varied typically by + 2 to 30C and Similar variations were 
reflected in the measured total temperature. 

The total temperature probe was calibrated in the free-stream of the HWT 
at Mach 9.5 and 6 and 800oK and at Mach,4 and stagnation temperatures tang- 
ing from 300 to 810°K. The high Mach number data was supplied by the JPItf 
ÜSC investigators") while the Mach 4 data was obtained during the presen- 
study because of concern that the recovery factor of the probe might de- 
pend on Mach number and temperature. Calibration results are shown in 
Figure 6 where the probe recovery factor, defined as the ratio of measured 
temperature to actual stagnation temperature is plotted against Reynolds 
number based on probe diameter and stagnation temperature. . It is seen 
that while the Mach 6 and Mach 9.5 data coincide, the Mach 4 data shows a 
lower recovery factor for a given Reynolds number.  The Mach 4 data, how- 
ever, shows no significant separation due to stagnation temperature!  In 
order to delineate regions within the.boundary layer where the calibration 
data would apply, the Y locations, together with the associated Mach num- 
ber and stagnation temperature, corresponding to specific Reynolds numbers 
have been indicated in Figure 6.  It is clear that  the high Mach number 
data is applicable to the outer half of the boundary layer.  In addition 
the possible error introduced by the sep.ration in the data at low Reynolds 
numbers is at most several percent. Furthermore, the Mach 4 data indicates 
a possible tendency to merge with the higl Mach nfimber data at Reynolds 
numbers between 100 and 1000. Consequently, it was decided to represent 
the probe calibrations by the single curve, determined from a least squares 
fit to the Mach 6 and 9.5 data shown in Figure 6. 

4.3 HOT-WIRE AKEM0METER 

/ 

4.3.1  PROBE COKSTRUCTION'    /    *        ' - ' 

The anemometer probe, shown in Figure 7. consisted of a 0.00001 inch dia- 
meter Pt - 10Z Rh wire mounted across the tips ol3 two sharp-pointed prongs. 
The wires were mdunted with sufficient slack to eliminate spurious signals 
due to strain-gage" effects.  For the wires used in these experiments  the 
aspect ratio ranged from 200 to 400. 
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.^^.«Hb««*««««««** 

V 

1 

*   ~ A ~f » -Kin  inch diameter x U inches long alumina 
The probe body consisted of a 3/32 ^h^"' alumina cylinder, used to 
cylinder. A 1/32 inch diameter « ^^l^8

0^ o£
y
the larger cylinder 

support the, hot-wire prongs ^^J*  Tth cylinders were provided 
at an angle of approximately 20-30 "Srees     th/hot.4jire leads were 
with two holes along their length ^~f jJ^^eS Jn hl^h temperature 
inserted. The leads -'^^e cop^r ^re ^.sed^in^ g^ ^^ 

"'rs^nc5: 1:; " "ilve^ dr/ing! a^d bending capability without breaU- 

^e!8 m^TAtc^ wire, used for the ^^ ^^^1^ 

soldered on one end of the copper Y^'^lJ^'^ocera*  cement, 
tubes were held together «it* Corning Class ^anyjyroc^    ^ ^ 

^z-:^^^^ * —8ias5y finish- 
To asseui.le the probe, the 3/32 inch f^^XZo^JeVe "r^both 
to length with a diamond blade ^^^J^*™™, Next, the 1/32 
ends to provide the pyroceram cement S*«*^*?0™1?* A£ter thc nickel 
inch diameter alumina tube was cut  "1/4 inch ^ ^n^h; th        h 

support wire was silver  soldered ^/^/^^"^.^ vJth a  torch, with 
the alumina  tubes,     fyrocera. ^n ^^^^ ^e „ifkel  prongs  free and 

Sr« oHe^ Te-su^ rest/e ^hen prepared and ad.usted  for 
mounting  the hot wire. 

► K- i,„r wir«, consists of bonding the wire on the 
The technique ^.^ ^^ Ts so Wed in a resinate and diluted^th 
supports with gold,  which had been leaving a  thin 

toluene.    The resinate is baked ^ *" ™ °Ven
0nly one application of  the 

gold film approximately  > »lcro-in^"  'h^1 ^ diameter wires,  although 
|old solution is required ^ «^^ of^^X- essary  for a good bond, 
for larger wires,  as many as six coats o^1^ *      f 2^! Woilaston wire 
In the process of «-"tu»« ^^ ""•  * T ^ Rh wire is held in a pair 
with a core of 0.00001  inch diameter  Pt •™'™™etched offf  exposing 

1 "r-IoZ A""" 0^ "pro e fslhefd ^T^ In the ob^ct  plane 
^aV^    "r^opic -«oscope in order  cb^ 
the wire.     Next a 20 gage wire is used to apply «« g°l carefuUy „«ni- 

4lps and along the outside ^hf  the prongs      ^^-^^ prongf 
pulating the tweezers, the hot w re  is  laid g      ^ ^^.^ ^  ^ 
across  its  tip and over  to the  "p 0*'  ^    J Je      ld soluti0n.     By 
second prong.    The ^--re^dheres very we       to^the g^^  ^ ^ 

wiggling the  ^««"'^^ ^ is
W^nted.   the probe  is  placed in an 

ri^rroriooSSra^irtwo  to three minutes the  solution is baked away 
leaving a gold-bonded hot-wire. 

4.3.2     PROBE CALIBRATION 

r.no-ing tb. prob. ...»biy. a.« ^'"'l™^'^"^ 

Flv. t.w.r.tur.s In this r.»g. w" du<. „ tbeie  curr.ntS Is 

rr« ^"Voisv."1^:».^: "r^ <^ <*.«..«. tb. 
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zero current resistance was obtained by extrapolation yielding a curve of 
R versus temperature, T.     The zero temperature resistance Rr and the first 
coefficient of resistivity, lrr, were then found from the resistivity formula 

R    »    R .1 + or  (T - T )j (1) v r     .       t r x   ' 

o * -3 
where T * 0 C>  Typical values of »r ranged froE 1.1 x 10  to 1.8 
ohm/0C, with the majority corresponding to 1.4 - 1.5 x 10* -0 

10 

It was originally intended to,install each wire in the Philco-Ford Mach 3 
tunnel to check for "strain-gage" effects and to carry out ^ preliminary 
flow calibration prior to its use in the JPL/HWT.  However, since the flow 
envirownent in the Philco-Ford tunnel is more severe than the HWT (larger 
dynamic pressure), wire survivability was very poor. Consequently, this 
phase was omitted and flow calibration of each wire was carried out in the 
HWT inanediately prior to performing turbulence measurements.  The objective 
of this step was to obtain the variation of the Nusselt number at zero 
overheat, Nu0, and of the wire recovery factor, T\t  with Reynolds number, 
Re0.  The subscript o refers to stagnation conditions, that is. 

(2J Nu 
o 

= '        Q   d 1  1 
k    ... 

O       1 
L   T     -  T 

w         aw = Q 

Re 
o 

= 
Pud 

o 

' 
T 

T 
aw 
T 

o 

(3) 

(4) 

where q is the heat transfer from the wire, d is the wire diameter, Tw is 
the wire temperature, Taw is the adiabatic wire temperature, kg is the 
thermal conductivity of air, P aud u are the local free-stream density and 
velocity of air respectively, aud a is the viscosity of air evaluated at T . 

o 

The calibration was performed by locating the wire in the wind tunnel free- 
stream where the flow conditions are well known and varying the Reynolds 
number by setting the tunnel total pressure at specific values between 700 
and 3200 cm Hg. At each pressure the derivative cR/bi~ was found from the 
slope of the R versus i curve obtained by operating the wire at 8 overheat 
currents.  The Nusselt number at zero overheat. Nit , was then given by 

* From initial calibrations up to 300 C it was found that the second co- 
efficient of resistivity was zero.  It was possible therefore to restrict 
subsequei 
process. 
subsequent calibrations to 200oC, thereby facilitating the calibration 
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11 

'   y       ^o    '    ^    ^^2 (5) 

Nu 
o 

B    + B   /i^    + iiRe (6) 1 z o        3    o 

Us^usflnX SJ1^*00'   th! Wi" ~^^« was checked dail^prior to 

t^r1100. fOll0,'in8 itS "- ^n the HW    nlr^ofti: tiresTiTZlu 
turbulence data ^was collected survived the  tunnel stop. with which 

4.4    WIND TUNNEL SUPPLY CONDITIONS 

? ftt; . ^^«nts were  located in the constant area supply IZTer 

stril^ten^"        ^ ""^ ^^ *** JUSt ^«rea« of the f£      a*er' 
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»        SECTION V 
v, 

PRELIMINARY TEST RESULTS 

The data described in this section have been included to demonstrate the 
nature of the boundary layer flow, the two-dimensionality of the boundary 
layer..and the reproducibility of the measurements.  In addition, the mean 
flow properties calculated from these preliminary measurements were essen- 
tial for the proper design of the hot-wire anemometer. Data is presented 
which was acquired over a period of six months. Most of the measurements 
were collected by the USC/JPL team"of investigators.<3' 

Figure 10 shows the pitot profiles obtained from the two outboard pitot 
probes at stations 112 and 160 inches from the nozzle throat.  The data 
shown was reproduced directly from pressure traces obtained with a dual 
channel x-y plotter. Because of the finite size of the recording pens the 
2 « -6 pressure trace was physically offset by the amount indicated at the 
left-hand-side of the Figure 10 (»-y * 0.10 inches). Therefore the corrected 
trace for this transducer is obtained by translating all data points to the 
left by the amount Ly.    In spite of this shift in the Z = -6 curve, the 
spanwise agreement in the pressure profiles at both stations is quite good, 
indicating that the flow can indeed be considered to be two-dimensional.  " 
Furthermore, the pressure profiles are quite similar in shape'showing re- 
latively little difference between the two measuring stations.  It is in- 
ferred from this that the flow is typical of a highly developed, turbulent 
nozzle wall boundary layer. 

The static pressure profiles measured at stations %  - 112, 137, and 160 
inches from the throat are shown in FJ  .e 11. The data at X = 112 and 
137 inches were obtained from single i as at these stations while the X « 
160 data shows the range of measurements obtained from six runs. Also shdwn 
are the range of wall pressure measurements observed during the run made at 
each station. The wall measurements were made with a  transducer identical 
to that used for the static pressure probe. Although the difference in 
pressure at successive stations is only slightly larger than the experi- 
mental accuracy, the data indicate a small favorable longitudinal pressure 
gradient of approximately - 0.005 mm Hg/inch near the wall.  In the free- 
stream and for the w?ill measurements at the X « 112 and 160 inch stations, 
the longitudinal variation in pressure is within the scatter observed from 
run to run. As described in Section VI, the static probe measurements are 
subject to large viscous interaction corrections. The corrected data show 
a pressure gradient normal to the wall that is 20 tines greater than the 
longitudinal gradient indicated above. 

A further indication of the two-dimensionality of the boundary layer flow, 
which also demonstrates the reproducibility of the measurements, is shown' 
in Figure 12.  The envelope of measurements obtained by USC/JPL showing the 
small spanwise variation of pitot pressure through the boundary layer is 
presented, together with "the results of a pitot pressure surrey made six 
months later during the present study.  The pitot profile obtained from 
the center probe is denoted Pt2.  The data indicate that spanwise variations 
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SECTION vi 
■ 

FINA.L TEST DATA .   7  " 
. «     . _     f 

Before discussing the metho<J of data reduction and the final results for 
the mean flow profiles, the raw data is presented in order to demonstrate 
again the reproducibillty of the measurements and, secondly, to clarify 
the data reduction procedure.  The calculation of the mean fLpw properties 
is based on the measured pitot pressuire, static pressure,.and total^tem- 
perature. Each of these parameters is discussed in detail in the Following 
paragraphs. 

% '  ■ - 

6.1 PITOT PRESSURE MEASUREMENTS 

. ■ !" "■'< •    . 

Figure 13 shows the pitot profiles, denoted as Pt2, obtainediwith theTcen- 
ter pitot probe during a total of^five runs.  Included also are the mea- 
surements obtained with the miniature probe located at one of the outboard 
pcjitions. These points, denoted as Pt3, are restricted to Y distances ,  * 
between 0 and 1.5 inches. As shown in the insert cf Figure 13, the dif- 
ferences between Pt2 and Pt3 are not significant anu *he two profiles are 
nearly identical fo«<Y > 0.5 inches.  Because of the excellent agreement ^ 
between the results jdf different runs, the data from all runs were combined 
to yt^Ta'a single pitot pressure profile for purposes of data reduction. 
Values of Pt3 were used for 0 * Y ^ 0.8 inches and Pt2 data was used between 
Y - 0.8 inches and the frefe-stream. ^ 

6.2 TOTAL TEMPERATURE MEASUREMENTS "jtV 

The measured total temperature profiles for three runs are shown in 'Figure 
\k  which, for comparison, also includes the data obtained by the USC/JPL 
team.X3) Again excellent agreement between runs is observed with differ- 
ences in the data attributed primarily to variations in the supply-temper- 
ature.  The insert ifinFigure 14 shows the temperature profiles plotted to ,*-/ ^ 
an expanded Y scale in the vicinity of the wall /here agaiift, except.for 
several obviously errOuedtfs p9ints on run loathe agreertent between runs 
is very good.       -IP.   .  v 

r   • 
Similar to the pitot pressure data, the data from alb three runs was com- 
bined to yield aQii^paple total temperature profile.  However, since the Y 
position of the thermocouple did not coincide with that of the miniature 
pitot probe, the temperature data for Y < 0.8 inches was represented by 
thr following expressions: 

0.060 - Y ^ 0.275 inches^        „ - \j 

T (0K) *    303 ■+  2534 Y - .1^774 Y2 + 70744 Y3 - 127796 Y4 + 8896 Y' 

V,1 

m (7) 
0.275 ^ Y - 0.800 inches ^ 

T (0K)  = 460 + 45.7 (Y - 0.275) 
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The resulting curve fit is shown in Figure 14. The deterlnation of the 

ZI        «TÜi te7e"ture for Y S O'0*.  «»>"« te-perature -easure-ents were 
not available, is described ip Section VIU. 

6,3  STATIC PRESSURE MEASUREMEKTS 

The static pressure measurements acquired from six runs are plotted as a 
function of Y in Figure 15.  In contrast to the other data, the static 
pressure exhibited significant variation on a given run as well as from 
run to run. As shown in Figure 15. the maximum deviation in static pres- 
sure for the six tests was ± 7Z, which was an order of marnitude greater 
then^the variations in supply conditions. However, a greater precision 
in the static pressure measurement should not be expected since the nominal 
pressure was less than U of the range for which the transducer was de- 
signed to operate. Consequently, it was decided to represent the measured 
static pressure profile by the following expression, determined from a 
least squares fit of the data: 

0 ^ Y ^ 5.75 inches 

*sJ
m  "«> '  1.642025 - 0.197563 Y + 0.130692 Y2 - 0.026982 Y3 + 0.002297 Y4 

- 0.000069 Y5 

Y > 5.75 Inches 

F^dnm Hg)  =  1.77 

The resulting curve fit is shown in Figure 15. 

Although the static pressure measured in the free-stream was 1.77 n» H« 
the.static pressure P   calculated from the free-stream pitot pressure' 
and the supply pressure, was approximately 1.1 «n Hg.  The free-stream 
Mach numbers determined Irom various combination« of P   P -  P^ and P 
are shown below. '   sn'    S1* *  d o 

PRESSURE RATIO       MACK SIMBE| 

Psm/Pt ..  '-5 

(8) 

Psm/Po 8.8 

Psi/Pt (or Psi/P0)        9.4 
/ 

7 

Since the nominal Mach number corresponding to the tunnel geometry (deter- 
mined from a calibration" acquired through long term use of the tunnel) 
was 9.5 and since both the pitot and supply pressures are accurate within 

hv'p  Wa™CO£j!r,ed ^t  thC aCtUal  free-st"an' static pressure was given 
by P    The difference between Psm  and Psi. therefore, has been attributed 
to viscous interaction effects on the static pressure probe. Since the 

r  interaction effects vanish near the wall, it is seen that a significant 
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pressure difference of unknown origin existed across Che boundary layer. 
Because of the magnitude of the pressure difference (approximately 50X) it 
was considered necessary to account for the variation in pressure normal 
to the wall in the data reduction process. 

Behrens,   using a static probe very similar in geometry to that used in 
the present study, tieveloped an empirical correlation of viscous interaction 
effects in the form 

P /P . - 1 + C.X + c.x2 
sm si 1    2 

where: 
2 i 

x = »c/cc/Re.r 

c - bjujajTj 

and the Reynolds numLer is based on the distance between the tip of the 
probe and the pressure orifice, and subscripts * and w denote free-stream 
and adiabatic wall conditions respectively.  In our experiments the maxi- 
mum value of C  was found to be equal to 1.03; therefore C was set equal to 
unity.  Behrens data was restricted to X <  !•*>. which Is only slightly 
greater than one ha 1  the maximum value of x in the present tests. While 
the results of Rogers, et al,  ' extends to larger values of X» their data, 
which was obtained with a large cone angle probe, fails to account for the 
observed pressure difference. This is in accordance with the results of 
Wagner and Watson'8' who found-that viscous correstions diminish w/th in- 
creasing cone angle. Consequently, viscous corrections which cover the 
range of conditions encountered in the present experiments were determined 
by supplementing Behrens data with data acquired during calibration of: 
(1) the hot wire at Mach 9.5, and (2) the total temperature probe at Mach 4.   A 

i ' r 

As described earlier, calibration was accomplished by locating the probe 
in the known free-stream flow at fixed Mach number and varying the supply' 
.pressure to change the Reynolds number.  The pitot and supply pressures 
were used to determine the Mach number and actual static pressure as well 
as other flow properties.  From this information and the measured static 
pressure, P-_/Psi and X could be calculated. The results are shown in , 
Figure 16, which includes also a plot of the expression 

"r /P .  « 1 + 0.0437 X + 0.0622 V (9) 
sm si 

which was fit to the data by the method of least squares. * 

6,4  1700 CM HG TEST EATA ^ 

The raw data obtained at P ■ 1,700 cm Hg are shown in Figure 17.- The data 
..e similar to that acquired at 3200 cm Hg, with differences between the 
two attributed to the increased boundary layer thickness corresponding to 
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Che saaller Reynolds vumber  and to the reduction in the absolute value of 
the supply pressure. Heasurenents were not nade for T < 1.0 inch since the 
Reynolds nuabers near the wall are considerably less than the range over 
which the hot-wire aneaoaeter was calibrated. Use of the wire in this 
reason would have introduced large uncertainties in interpretation of the 

hotwire data. 
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SECTIOH VII 

DATA REOUCTIOH FROCEDI11E 

7.1  IMPUT DATA 

Calculation of aeao flow properties were carried out at each Y position 
for which a aeasureEent of the pitot pressure was made. The input data 
required for the calculation and the fore of the data are listed below. 

IKPOT QOMITITY 

Pitot Pressure 

Measured Total Temperature  '^ 

Measured Static Pressure 

Total Temperature Probe 
Recovery Factor 

Static Pressure Probe Viscous 
In eraction Correction - 

SYMBOL 

rt2 

P /P . 
SB  SI 

FORM OF DATA 

Tabular, versus Y 

0 < Y ^  0.80, Eqn. (7) 
Y > 0.80, Tabular versus sane 
Y as for P^ 

Eqn. (8) 

Eqn. shown in Figure 9 

Eqn. (9) 

As mentioned earlier, for Y less than 0.80 inches the Y position of the 
total temperature probe did not coincide with that of the pitot probe. 
Therefore, for convenience in the calculation T^ was represented by Eqn.(7) 
for Y ^ 0.80. For Y > 0.80 inches the Y positions of the two probes were 
identical and T was input to the calct'lations in tabular fora. 

7.2 WAK FLOW COMPUTER PROGRAM 

Calculation of the mean flow properties was prograooed in Fortran for the 
Honeywell Model 615 Computer System. Since bqth the measured total tem- 
perature and static pressure had to be corrected for probe effects, the 
program included iterative routines, for finding the actual value of these 

and P_„ are used 
SB 

parameters. Referring to Figure 18, the pitot pressure 
to find the Mach number M and the latter two then combined to calculate 
the local stagnation pressure, P . The Mach number is also used with the 
measured total temperature to find the static stream teraperature, T_. With 
the temperature» known the corresponding viscosities are evaluated, and the, 
Reynolds numbers based on the appropriate temperature and the characteristic 
prob.? dimension can be calculated. The Reynolds number for the static 
press.ne probe is combined with the Mach number to find the viscous inter- 
action parameter \ and, by means of Eqn. (9), the first order approximation 
to the static pressure P_|-  The procedure is then repeated n tines until 

si 
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the absolute value of Fsi(n + 1) - 'si^
11^ satisfies the convergence criteria 

c. Sinilarly the total tenperature probe recovery factor, T), is found fro« 
tl^e probe Reynolds nunber, yielding the first order approximation to the 
local total teaperature,' T0. This calculation is also repeated until*, 
|T0(n + 1) » T0(n)'| < e. In both cases the convergence paraaeter e was O.IZ. 

Results of the iter^t^ve calculation to detendne P at Y = 6.016 inches are 
presented in Figure 197 which indicates that; 12 iterations are required to 
satisfy the desired convergence. Since the viscous correction is greatest 
near the free-streap, this ezaaple is typical of the aaxianB nunber of 
iterations required. Convergence of the'total teaperature generally occur- 
red aore rapidly, although convergence .of both par»'meters was required be- ^ 
fore continuing the calculation procedure.- 

Once T0 and P^ were determined the remaining boundary layer properties 
were calculated, i.-e., the velocity u, the density P, etc., using standard 
formulae for conpressible flow, 'in addition to the local properties, 
several characteristic boundary layer thicknesses, including the displace- 
ment thickness 5*, and the momentum thickness,-5, were determined frors 
numerical integration across the boundary layer.., " 
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SECTION VIII 

RESULTS 

/ 

^ 

The resists of the nean flau  calculations at P0 - 3200 en Hr are stunarized 
in Tahle T vfaich lists tbe test conditions, the characteristic boundary 
layers thicküqesse!. described in Paragraph 7.2, and a tabulation of the 
aean floi'profiles. The conventional boundary layer thickness 6, which is 
defined as the distance fro* the vail where the velocity *s 991  of the 
free-stteaa velocity, has been included although in the present case its 
Significance is sonevhat vague. This arises froa the fact that relatively 
fpw data points were obtained for Y > 3.0 inches, thereby precluding a pre- 
cise detenainatibn of the shape of the velocity versus Y curve near the 
edge of the boundary layer.  For this reason Y, rather than Y/t, has been 
used in subsequent presentation of the results, even though the results 
have been nondiaensionalized using the values of the flow properties at 
Y = ' as reference parameters.  It should be pointed out that this repre- 
sents an arbitrary, although consistent, selection of reference parameters 
since the velocity and thernal boundary layers are of different extent, 
with the latter being slightly larger. Furthennore, because of the pres- 
sure gradient nomal to the wall, the fluid density actually overshoots 
its free-strean value within the boundary layer. 

8.1  »CAK FLOH PROFILES 

8.1.1  STATIC fRESSIRE PROFILE 
\- 

(9) 

*» 

The calculated static pressure profile is shown in Figure 13. Fiore 
and Fischer et al^ ' have also observed pressure gradients noraal to the 
wail in hypersonic boundary layers, the foraer at Mach 12 in air and with 
the Reyrolds nuaber based on ubnentuB thickness,. Re-, on the order of 1000 
and the lattcfr at Mach 21 in heliua with Re_ % 10,000.  In Fiore's case(9' 
the pressure gradient was soaller than observed here, with the pressure 
difference equal to 20% of the free-strean pressure, but was still larger 
thajn the longitudinal pressure gradient measure^ in his tunnel and was    no» 
found to increase with increasing Re^.  In the experiment's of Fischer et al 
the static pressure at the wall was 40% greater than the free streaia pres- 
sure, siallar to our results.  Fisher et al^10^ also exaained the results 
of a nuaber of other investigators who reported an increase in measured 
wall pressure over the corresponding free-strea» value for several gases 
and variety of aerodynamic bodies, including cones, wedges, and tunnel 
kails. They found a consistent trend of increasing wall-to-free-streaa 
static pressure ratio with increasing Mach nusber which was tentatively 
attributedto turbulent flow effects. v 

8.1.2 TEMFESATISZ PROFILES 

Figure 20 shows the ratios of local stagnation and static teoperature to 
the stagnation temperature  at the edge of the boundary layer, T^, (i.e., 
its value at Y * ^) plotted against Y. The insert in Figure 20 shows the 
region near the wall plotted to an expanded Y scale.  Since teaperature 
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TABLE I 

SUM1ARY OF RRSULTS -   - 

F 
o 

3200 C«D Hg P 
se 

1.15 » Hg Re- 36.800 

T oe 7920K u 
e 1225 o/scc 6.01 inches 

T 
w 

304OIC M 
e 9.37 6 2.29 inches 

T e 430K Re 
»2 

127.080 S 
* 

.29  Inches 

No. v(inches) M u/u 
e 

T /T 
o    oe T/T oe P/P e 

1 0.010 0.541 0.161 0.448 0.424 0.180 
2 0.015 0.541 0.166 0.477 0.452 0.170 
3 0.015 6.663 0.201 0.477 0.438 0.173 
4 0.018 0.760 0.236 0.493 0.457 0.168 
5 0.022 0.607 0.189 0.510 0.475 0.161 
6 0.031 0.842 0.268 0.545 0-477 0.160 
7 0.037 0.843 0.276 0.564 0.504 0.151 
8 0.049 1.130 0.356 0.591 0.471 0.163 
9 0.054      " 1.083 0.347 0.600 0.486 0.157 

10 0.057 1.J54 0.410 0.605 0.442 0.176 
11 0.063 1.131 0.363 0.613 0.488 0.156 

' 12 0.070 1.260 0.396 0.616 0.468 0.163 
13 0.075 1.261 0.398 0.622 0.472 0.161 
14 0.088 1.497 0.452 0.625 0.431 0.176 
15 0.110 1.670 0.490 0.633 0.406 •0.186 
16 0.122 1.672 .      0.492 0.639 0.410 0.184 
17 0.172 1.912 0.537 0.645 0.373 0.201 
18 0.209 2.004 0.553 0.649 0.360 0.207 
19 0.219 2.005 0.554 0.652 0.361 0.206 
20 0.222 2.055 0.561 0.650 0.353 0.211 
21 0.273 2.155 0.579 0^660 0.342 0.216 
22 0.307 2.193 0.585 0.661 0.337 0.219 
23 0.322 2.229 0.590 0.661 0.331 0.222 
24 0.324 2.206 0.587 0.662 0.335 0.220 
25 0.370 2.311 0.601 0.661 0.320 0.229 
26 0.407 2.347 0.606 0.663 0.315 0.232 
27 0.422 2.370 0.609 0.663 0.312 0.234 
28 0.472 2.438 0.618 0.665 0.304 0.239 
29 0.521 2.463 0.622 0.668 0-302 0.240 
30 0.624 2.592 0.638 0.671 0.286 0.251 
31 0.722 2.696 0.650 0.675 0.275 0.260 
32 0.808 2.869 0.666 0.675 0.255 0.279 
33 0.815 2.888 0.671 0.681 0.255 0.279 
34 0.913 2.999 0.688 0.696       0 0-249 0.285 
35 1.064 3.206 0.701 0.690 0.225 0.312 
36 1.362 3.584 0.734 0.709 0.199 0.353 
37 1.515 3.743 0.753 0.727 0.191 0.366 
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TABLE I - (Continued) 

No. 

38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
5i 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 

V(inches) u/u 

^.662 
1.962 
2.056 
2.114 
2.268 
2.562 
2.712 
2.761 
2.864 
3.012 
3.116 
3.308 
3.311 
3.508 
3.612 
3.708 
3.712 
3.811 
3.910 
3.911 
4.013 
4.015 
4.107 
4.114 
4.215 
4.309 
4.319 
4.416 
4.509 
4.510 
4.812 
5.111 
5.402 
6.016 
7.015 
8.016 

T /T 
o oe 

T/T z.'z 
oe 

3.975 0.765 0.729 0.175 0.398 

4.348 0.792 0.751 0.157 0.444 

4.459 0.797 0-752 0.151     ' 0.462 

4.587 0.811 0.769 0.148 0.471 

4.882 0.823 C.776 0.134 0.516 

5.353 0.848 0,799 0.119 0.58| 

5.672 0.863 0.815 0.110 0.625 

5-728 0.860 0.807 0.107 0.643 

6.000 0.874 0.823 0.100 C.677 

6.267 0.884 0.834 0.094 0.716 

6.731 
6.939 
6.901 

0.898 
0.904 
0.9Ö9 

0.847 
0.853 
0.863 

0-084 
0.080 
0.082 

0.785 
0.820 
0.802 

7.431 0.920 0.874 0.073 0-883 

7.755 0.927 0.881 0.068 0.929 

7.854 0.929 0.882 0.066 0.948 

7.974 0.934 0.891 0.065 0.954 

8.226 0.939 0.896 0.062 0.988 

8,277 0.942 0.902 0.061 0.992 

8.477 0.94i 0.901 (1.059 1.023 

8.576 0.948 0.906 0.058 1.029 

8.591 0.951 
v   6.915 0.058 1.020 

8.567 0.946 0-904 0.058 1.038 

8.746 0.952 0-914 0.056 1.046 

8.833 .    0.958 0.923 0.056 1-046 

8.800 0-957 0.923 0.056 1-045 

8.903 0-960 0-927 0.055 1-053 

8.993 0-964 0.933 0-054 1.056 

8.922 0-964 0-935 0.055 1.048 

9.008 0.964 0-933 0.054 1.061 

9-157 0.976 0.954 0.054 1.050 

9.202 0.984 0.970 0.054 1.032 

9.294 0.990 0.981 0.054 1.027 

9.373 1-001 1.001 0.054 0.999 

9.345 1.012 1.025 0.055 0.958 

9.364 1-010 1.020 0.055 0.966 

^S 
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r measureaents could not be made for Y < O.ObJ inches, Che variation of total 
trnperature in this region was determined by fitting a third degree poly- 
noininal curve to the data points at Y « 0 (where T0/Toe ■ Tv/Toe ) and Y 
* 0.063 through 0.122. SiiM-e the viscous correction to Psm was zero near 
the wall, P . could be determined from Eqn. (8) and the remaining flow 
properties evaluated explicitly. The result?iw Ts/Toe profile shows the 
anticipated static temperature overshoot and .udicates that the raaxiaura 
static temperature occurs at Y % 0.04 inche«: wner it exceeds the wall 
temperature by approximately 80oR. 

8.1.3 MACH NUMBER PROFILE 

The Mach number profile is shown in Figure 21 which indicates a gradual 
decrease in Mach nunbe*- from its frze-stream v^Iue to M = 9 at Y = 4.3 
inches.  Between Y * 4.5 and Y = 2.5 inches, the Mach number decreases 
rapidly in a nearly linear fashion to M = 3, followed by a slower, but 
again nearly constant rate of decrease to M = 2 at Y = 0.20 inches. The 
sonic line occurs at approximately 0.03 inches, so that subsonic flow is 
restricted to a very narrow layer adjacent to the wall. 

8.1.4 DENSITY PROFILE 

The density profile, shown in Figure 22, indicates that at Y • 4.3 inches 
the density overshoots its free-stream value by 10%.  This reflects the 
fact that as the wall is approached, the static pressure begins to increase 
over its free-stream value at Y = 6.0 inches, while the static temperature 
does not increase appreciably until Y = 4.0 inches.  The minimum density 
corresponds to the static temperature overshoot and is about 23% less than 
its value at the wall. ^ 

8.1.3 VELOCITY PROFILE 

The velocity profile is presented in Figure 23 which shows that over one- 
half the velocity change across the boundary layer occurs in the imediate 
neighborhood of the wall, i.e., u/ue decreases from 0.33 to zero between 
Y = 0.2 inches and Y = 0. This region has been plotted with an enlarged 
Y scale in the insert in Figure 23, where it is noted that there is no 
evidence of the linear variation of velocity generally attributed to the 
viscous sub-layer. This subject is discussed further in Section IX. 

8.2 COMPARISON WITH HOT-WIRE DMA 

The availability of the hot-wite data provides a means for partially check- 
ing the mean flow measurements. At any point in the boundary layer, the 
recovery temperature, Taw, of the wire and the Nusselt number can be de- 
termined from t'ie overheat traverse made during the turbulence measure- 
ments and, using the Nu versus Re calibration data shown in Figure 8, 
Re0 can be found. Then, with Re0 and T  known, T\ tan  be found from Figure 
9 and the total temperature evaluated. The calculation procedure is des- 
cribed in Appendix A. 
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Figure 24 sbovs a coaparlson of T0 profiles obtained fro* the hot-wire and 
theraocouple aeasureaents.  For wire A13-1, {the agreeaent between the two 
ivasureaeots is excellent, with the hot-wire results generally no aore than 
5-10% below Che theraocouple data. A larger discrepancy is observed for 
wire 6-3. although the agre£aent with the theraocouple results is still 
encouraging-  In this case, the hot wire* results are about 2(/0C higher than 
those obtained froo the theraocouple aeasureaents in the outer half of the r 

boundary layer, with the discrepancy increastiig to SOOC between Y - I and 
2 inches, then gradually Usinishing as the wall is approached. * 

Figure 25 presenta a coaparison of the profiles of the unit Reynolds num- 
ber per inch based on stagnation teaperature, Be0

>. Although the shape cf 
the curves are. siailar, F* ' obtained with wire A13-1 exceed those deduced 
froa (he nean flow aeasureaents near the wall, while in the outer half of 
the boundary layer the converse is true.  In spite of the large differences 
between the two results, which reach a naxinuB of 301, the agreenent is 
again encouraging. This arises fro* the fact that snail errors in Ku0 lead 
to errors in Be^,' which are 2 to 3 tiaes larger. This is indicated in 
Figure 8 which shows also the typical scatter to be expected in the deter- 

ainatipn of Jiu0- 

The le * profile obtained with wire 6-3 shows auch larger deviations froa 
that deduced froa the aean flow aeasureaents, with differences as large as 
a factor of ten observed near the wall. 
Che Su 

This proepted a re-exaainacion of 
versus Re calibrations froa which it was concluded that the 

data points at Be0 * 0.026 and 0.1I (see Figure 8> aay be in error.  Con- 
sequently, new correlations were curve fit to the reaaining five data points 
and the hot-wire data reduction was repeated. The resulting Re0' profile. 
Figure 25 shows nch better agreeaent with the results obtained froa both 
the aean flow aeasureaents and wire A13-1.  In,addition, the To profile 
pbcained with the aodified hot-wire calibration curves, presented in Figure 
17, indicates slightly better agreeaent with the theraocouple aeasureaents, 
particularly near Che wall and in the region froa Y = 1 to 2 inches where 
the difference between the two sets of results is reduced froa 50 to 30-^0 C. 

8.3 TEST RESULTS AT F„ 1700 CM HC 

The calculated static pressure profile is shown ie Figure 17 where it can 
be'coapared Co Che aeasureaents. The pressure variation is sinllar to that 
observed at P * 3200 ca Hg alchjugh, because of the reduced Reynolds nua- 
ber, the viscous corrections at the outer edge of the boundary layer are 
slightly larger. 

The static and scagnacion teaperature profiles and the velocity and Mach. 
majjber profiles are shown in Figures 26 and 27, respectively, where, for 
coakarison. the-results at P0 - 3200 ca Hg have been included.  Ihie to the 
lac/k of data near^ the edge of the boundary layer, an accurate calculation 
of i could not be aade. However, because of Che siailarity in the boundary 
layer, profiles and the Known equivalence of the free-streaa conditions, it 
was assuaed chat the values of ue and Toe at the edge of tiki  boundary layer 
were identical Co chose at F0 - 3200 ca Hg and these values were used to 
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non-dimensionalize the P0 - 1700 cm Hg data. The resulting non-diBensional 
profiles are in good agreement with those obtained at the higher pressures 
and the differences between the two could be reduced by normalizing Y with 
respect to a characteristic boundary layer thickness. 

The lack of data also prevented a precise calculation of Re&.  To a first 
approximation, however, this parameter should scale as the ratio of the 
pressures so that for the P0 »1700 cm Hg tests, Reg* 20,000. 
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SECTION IX 

DISCUSSION OF RESULTS 

9.1     COMPARISON WITH OTHER  EXPERIMENTS 

Figure 28  shows  the  local  static   ^eoiperatüTe ratio vithin the boundary 
layer,  T/Te,   plotted against  the  lo^a^velocicy ratio,   u/ue.     For cosn>ari- 
son the Crocco relation «, t_ 

T/T       -    T  /T     >  (1  +  (v-1)   M 2/2  -  T  /T  )   u/u     -   (V-l)  M 2   (li/u  )2/>     (10) 
e     we e    <l w e    e e     #r 

which is valid for arbitrary heat transfer and zero longitudinal pressure 
gradient, is included.  While there is good agreesnent between experiment 
and theory in the sub-layet region, the data lies significantly below the 
Crocco relation in the outer portion of the boundary layer. This ±s  illus- 
trated more clearly in Figure 29, where the total enthalpy ratio, T ^ T0 - 
Tw/Tpe - Tw, is plotted versus u/ue.  In these coordinates the Crocco rela- 
tionship is represented by the linear function T = u/ue.  Again, in the sub- 
layer the data agrees with the theory, while in the outer portion %f the 
boundary layer, corresponding to t:he_law-of-the-wake region, the data fol- !_ 
lows closely the quadratic relation T = (u/u.) .  The interior of tht boun- 
dary layer - the so-called law-of-the-wall region - is characterized by a 
well defined transition between the linear and quadratic behavior of the 
T versus u/u relationship. ' . 

The total enthalpy profile of Figure 29 is typical of that obtained irozr. 
measurements on nozzle-walls.  Bertram and Seal*  ' and later Eushell et al 
examined the results of numerous experiments obtained for <a variety of oper- 
ating conditions including Nach numbers varying from 3 to 20, Re^ ranging 
from 1000 to 50,000 and Tw/Toe varying from 0.2 to 1.0.  They found that 
data acquired from flat plate measurements generally followed the linear 
Crocco relation while the nozzle wall data approximated the quadratic lav. 
The behavior of the nozzle wall data has been attributed by those and other 
investigators to the effects of the rapid expansion in, the wind tunnel nozzle. 
They suggest that, as a consequence of the flow acceleration near the nozXle 
throat, the boundary layer profile distorts from the Crocco relationship and 
remains out of equilibrium with the local edge conditions for considerable 
distances downstream.  For hypersonic nozzles, however, the gradients in 
the flow properties are concentrated imediatcly downstream of the throat 
and it seems unlikely that effects of the past history of the flow would 
persist for very large distances.t" Fizure 30 shows a plot of T versus u/ue 
obtained by the USC/JPL investigators'3) at X = 160 inches from the nozzle 
throat.   The results at the two stations, which are separated by approximately 

The shift in the transition region from u/u e = 0.7 to u/ue = 0.5  is due 
primarily to an alternate definition of the total temperature probe recovery 
factor used by USC/JPL in their data reduction.  The data reduction process 
at both stations was consistent, however, and the conclusions inferred from 
Figure 30 concerning the streamwise variation in flow profiles and are in-, 
dependent of the probe calibration. 

-52- 

. 

•^ 



p^\ 

Cd 
•J 
M 

ä 

S 
^ 
5«. 
u 

a> 

OT 

a 
■ 
§ z 

ao 
CM 

O 

-57 



..'...,..    .-. - .   - **• ■ ■ ■■ ■■■ 

Y (INCHES) 0.075 

SUPLAYER 
REGION H 

1.06 

h WAKE 
REGION 

FIGURE 29.     SOK-DDffiSSIOKAL TOTAL TöffERATURE - VTLOCITY PR0FI7.E 

•54- 

^ 

1 



V 

1.0 

X • 112 INCHES 
X = 160 

u/u„ 

FIGURE 30. NON-DIMENSIONAL TOTAL TBIPERATÜRE - VELOCITY 
PROFILE PROVIDED BY  ÜSC/JPL3 

-55- 



eight boundary layer thicknesses, are identical within the experimental ac- 
curacy and show no evidence of relaxation from the quadratic to the linear 
temperature distribution.  The relaxation process was investigated by     s 

Bushneil, et al,*12' who performed a numerical experiment to examine the 
effects QI  the nozzle acceleration on the boundary layer structure.  Using 
nozzle contours for Mach 6, 8 and 19 wind tunnels for which wall measuBe- 
ments are available, they assumed a Crocco temperature distribution at the 
£hroat and solved the boundary layer equations to determine the resulting 
T - u/ue profiles at downstream stations.  Their results indicated a shift 
from the linear relation toward the quadratic law, particularly near the 
boundary layer erffge^, with increasing X and then a return to the linear pro- 
fi'le^ut showedlno evidence of the transition region observed in Figure 29, 
Furthermore, their calculations predicted a more rapid relaxation to the 
linear distribution than observed experimentally, although at Mach 6, they 
found that a distance equivalent to 60 boundary layer thicknesses may be 
required for relaxation to occur.  Th'ip may explain the lack of streamwise 
variation in the total temperature profile indicated in Figure 30. 

Several additional comments concerning the results of Figure 29 are in 
order.  First, Fiore'sl9*  measurements, which were obtained at Mach 12 and 
Re. r- 1000, show a quadratic temperature distribution in the outer portion 
ofth^ boundary layer.  However, In the sub-layer his results can HP PV- 
pressed xn tne torm T » >(a/ue), where * ~ 0.7, and do not indicate the 
transition region observed in Figure 29.  In addition, Fiore's data shows 
no evidence of the law-of-the-w^ke component of the boundary layer which, 
because of the small Re-, indicates that his boundary layer may not. have' 
been fully developed-  Second, the results of Lee, et al,'13) who made 
nozzle wall measur.-n^nts at Mach 5 and Re„ ranging from 5000 to 50,000 are 
in accord with the general features of Figure 29.  They also observed a 
transition from the quadratic temperature distribution in the outer portion 
of the boundary layer to the Crocco relation in the sub-layer.  Their re- 
sults indicated further that at a given station the transition region shifts 
closer to the wall with increasing heat transfer and Re„.  While measure- 
ments were performed at stations ranging from 48 to 94 inches from the 
nozzle throat (the inter-station distance is approximately 16 boundary layer 
thicknesses), again no evidence of strearvise relaxation was apparent. 

It is clear from the preceding discussion that the present result is typi- 
cal of those obtained measuremertts in wind tunnel wall boundary layers. 
The observed deviation from the Crocco total temperature distribution im- 
plies that the boundary layer is not yet in equilibrium with the local edge 
conditions.  However, '.he reason for the departure from equilibrium has not 
yet been resolved. 

9.2  CORRELATION OF VELOCITY PROFILE 

To further demonstrate the validity of the measurements, rhe resulting 
velocity profile. Figure 23, was correlated with the "universal" incom- 
pressible profile which is conventionally represented in the fofra: 

sub-layer; 
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law-of-the-wall; 

iaw-ot-Che-wake; 

u+ - A In^TY"*" (U) 

where 

u -("/"_) • A In (y/6) -, C 12 - Viy/*)^ 

* 
u /u. 

w w 
( 

and A and B are constants characterizing the velocity profile, C is a con- 
stant representing the strength of the wake component of the boundary layer, 
and W is Cole's^' tabulated wake function.  All of the variables in the" 
above relations refer to t^ie incompressible flow Held with which the com- 
pressible boundary layer is being compared.  The parameters u* and Y* de- 
note the compressible flow properties after transformation or "stretching" 
to account for the density variations within the boundary layer (actually 
only one of these parameters is transformed; the other retains iCs phybical 
identity).  The friction velocity, u-, is found either directly from the 
slope of the physical velocity profile at the wall, or as a consequence of 
the correlation procedure when it serves as an "adjustable constant" whose 
value is manipulated to provide the best fit of the data to the theory. 

In the case of a cold wall, Walz( 5) and Lee  et"¥TX13) caution against 
using the measured velocity profile to determine u_ because of -the temper- 
ature overshoot which occurs adjacent to,the surface.  They reasoned that 
if the shear stress is to remain constant in the sub-layer, then the velo-1 

city gradient must compensate for variations in the viscosity arising from 
the temperature distribution.  This would lead to a nonlinear velocity pro- 
file near the wall.  Since velocity measurements very close to the surface 
are frequently lacking or unobtainable, the actual velocity profile may be 
obscured by the missing information.  This, in turn, could introduce large 
errors in determining du/dY. 

In this context. Walz examined the cold wall data of Lobb  et al ^16^ and 
Winkler and Cha^l?) who had fit a straight line to their velocity measure- 
ments in order to determine the velocity gradient at the wall.  Comparing 
their results to values of du/dY calculated from a similarity law he had 
developed for evaluating skin friction coefficients. Walz concluded that 
the experimentally determined slopes were too low, jLn some cases by as 
much as 50%.  The effect of cooling on the sub-layer velocity profile was 
investigated further by Lee et al (13) who used the method of TetervindS) 
to calculate the boundary layer structure for Mach 10 and several values 
of Tw/Taw, where subscript aw denotes the adiabatic wall condition.  Their 
results showed that the curved portion of the velocity profile extended 
closer to the wall as T^T^  decreased, although very low wall temperatures 
are required for the effect to become apparent. 

...  \ 
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made at Y pos^lons« f     Tl,9^^'  eVen thou8h ««asurements were 
suus of wauainnrue^t3:.0^)1;0^ fr rwai1- Hhiie the - 
temperature overshoot oTri^J},   V   ardly cönclusive, the static 
torted velocity profile  ^«l} "^"^^K" Possible ""se for the dis- 
Pitot pressure rrl^ci ^tors. such as poor resolution of the 

ness.  This is attributed prinmily to tLllrllt    bo"nd"y l^-  ^hick- 

the boundary layer. region in the outer portion of 

Correlation of the velocity profile was carri*.H n..* 
veloped by Maise and Mcft™* 1^(20)^ wasj?

a"ied out "sing a procedure de- 

/ ,■ .    .  & 

u*/u.  - 2.43 In (Yu./vw) A.0 + 2.43" W(Y/6)        -  (l2)  , 

f^r'thf/fF ^ g!nerallZed Velocity ProPosed ^ Van DrieSt
(23) 

for the effects of compressibility and heat transfer, i.e.. to accognt 

*    ue 2k 2(u/u ) - k, 
u  = 7^ arc sin—^ i i 

k, 2     9 !-" 
1 (k/ + 4k1

2>^ 
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It should be pointed out that the Van Driest fornulation assüaes that the 
static pressure is constant in the boundary layer and that the Crocco rela- 
' icn, Eqn. (10), is valid, tiro conditions which are not met in the present 
rxperiment. This mist be recognized when interpreting the results of the 
correlation. 

. Equation (12) includes three unknown constants, u . 5, and -, a parameter 
^representing the ntrength of the wake component of the boundary layer.  By 

applying Eqn. (12) at the edge of the boundary layer, n can be expressed 
in temts of -   and u- and the edge conditions.  This reduces the number of 
unknown constants in Eqn. (12) to two, whose values are adjusted until the 
data fits the equation such that the rms error is a minimum.  Data points 
for TP" ^ 50 and Y > 0.9 - are excluded since in the former caSe the experi- 
mental errors are usually large while in the latter case the theory «deviates 
from the data.  For convenience in the calculations Cole's wake function 
W is expressed as 

2 sin (-Y/2=) (13) 

Af'er ai fit of the data is achieved, - and c,, the skin friction coefficient, 
are determined from.5 and u_. 

The results of the correlations are shown in Figure 31. The value of ~ was 
1.4, slightly more than twice the value of 0.60 normally found in correlat- 
ing zero pressure gradient flat plate data and typical of flows with strong 
adverse pressure gradients.'20) On ttw other hand, the skin friction coef- 
ficient was 4.6 x 10" ,.which is within several percent of the theoretical 
value determined from the Karraan-Schoenbefr imconpressible formula using 
th« tie-  listed in Table I together with the Van Driest transformation func- 
tions and following the procedure outlined by Hopkins and Inouye.^2^) Since 
the assumptions of the Van Driest transformation imply a specific density 
profile, a fictitious Re- can be calculated from the result« of the velocity 
correlation. The Re_ found in this manner was 19,100, corresponding to a 
10Z increase in the theoretical Cf, which is approximately one-half of the 
actual Re^ determined from integration of the atan flow properties. This 
result is not surprising since Wallace'2^) found that Re^ from a quadratic 
temperature distribution as measured in his tests was four times larger 
than Re_ from an assumed linear Crocco relation. 

/ 

The nps  deviation of the velocity data from the theoretical curve was 0.8X, 
which implies a^good fit". However, the generalized velocities for Y+ < 50, 
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which were excluded from data fitting process, are considerably larger than 
the theory reflecting the deviation from a linear profile that had been ob- 
served near the wall. While these data points could be collapsed toward 
the theoretical curve by increasing uT, this would lead to a large increase 
in Cf. 

In an effort to improve the correlation, the Van Driest formulation was modi- 
fied by replacing the Crocco relation with the experimental observed quad- 
ratic law (the assumption of constant pressure in the boundary layer was 
retained)."1) xhe resulting curve fit was very similar to that found pre- 
viously while the new values characteristic parameters were; TT • 1.6, ce  ■ 
4.2 x 10'*, and Re^ • 27,000.  It appears therefore, that the anomalous 
value of TT and the low value of the fictitious Re^ can be attributed pri- 
marily to the strong pressure gradient normal to the wall. 

A check of the consistency of the correlation determined with the assumed 
Crocco relation is shown in Figure 32. While the wake function, U, was 
assumed to be given by Eqn. (13), W can also be calculated from Eqn. (12) 
after a fit of the data has been achieved. Figure 32, which shows W de- 
termined from both Eqns. (12) and (13) plotted against Y/5, indicates good 
agreement and justifies the assumption of Eqn. (12). 

*   *        , 
Figure 33 shows finally a plot of the velocity defect (ue - u )/u.. versus 
distance from the wäll Y/~ and illustrates the effect of the wake strength 
parameter TT.  The correlation equation 

*   * 
(u  - u )/u, 

e 
-2.5 In (Y/5) + 1.25(2 - W) (14) 

which is essentially Eqn. (13) written in defect form with n set equal to 
0.6, was shown by Maise and McDonald'2 ■' to represent the incompressible 
measured profiles presented by Clauser. (26) 

/ 

The agreement between Eqn. (14) 
and the measured velocity profile, for which TT * l.l,t  is quite poor, al- 
though it illustrates the lack of correlation that Maise and McDonald(20) 
found for non-adiabatic boundary layers.. 
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SECTION X 

-A 

SlMttRY AND CONCLUSIONS 

ported here: ^P^sonic  turbulent bounda^ layer experiments re- 

(1) The results of detailed pitot pressure toral r«» 
static pressure surveys carried III 11'^Tl  l^T'V.,^ 
denonstrated the two-dimensional    at "^n 9-37  in the JPL/HWT 
of the ceiling bou^~° eT „oT ' ^ ^^P^  "acure 
«easurements which iZtt-i I'    H~ever» the static pressure 

the streamix^e direction alL
ne8iigibl! PreSSUre **"*"<>" - 

nificant Pressurl^^t^?^' ^tl^L"" 0( * ^ 
magnitude of the Dressur* *Tff a11'  ^c3"«« of  *c 

501 of the free!strerpres ur:
re^\«iCh "**  «r^-^ly 

the boundary layer was taSn w    P«ssure variation through 

the data. ^ZV^els^ekr^JlT^  K" Che reduCtion of 

vlously in hypersonic "rbB^tb;u^ri
been 0bSerVed P"" 

walls as well as on cones. weSges^i.^^5 ^ "^ tUmel 

have been shown to increase wifh ;„        Plates and' in fact. 
gradients, however/are freau^^eaS1I,8 ****  nUäaber- S"^ 
precise «asure^ts " «X K y/8I,?rCd "'^ for lack of 

Perties are rela^ely" Le^i^e to'ore' ^ "^ "* Pr0- 
Since the observed nr*«.,    iY    pressure variations. 

flow effecr^^n^Lef«^ "^ "^"^ a turbule« 
that further investLaUon fs   ^P"*0"" ^eds. it is clear 

tation of hypers^ic18::,1^^ llllT^J" T'™* inter^- 
-e develops of i^ed^h^rb^^^^^^^^^ 

(2) M^ ^^^cTL^j-r ^r- -s 

The .uadratic^has0 eheen0öbt:errre0drttio0n
cL

f/h: ^^^ layer- 
wall measurements and has been «tribut^H "T" ^^ 
to .reflect the consequences o^ til 1    **  0ther inv«tigators 
flat plate data gene«!" agree w1th

0theC
eX,>anSiKn- ""^ 

out the boundary layer it his b^ " theOTy  th""gh- 
-easured on nozzle walls wiUr^  SUg«fsted ^at the profiles 
distances far downs^ f ^ X^^ ^^  «l*"- «t 
that the boundary layer in the JPL/™? ,     aPPears. therefore, 
librated in the sense thlr  ^K! ^^  ls not completely equi- 
variation deviates froi:hat1s,^d ^««"-veloci^y 
Plate flows. iS consideFed typical of flat 

(3)  Using the Van Driest generalized velocity  rh.  .  - 
was correlated to the incompressibU^^f-the^ ^"^ f" 
rms error of less than 1%.    While this i™f    u        Wlth a 

-«asurements agree with the general foriTf^  " the «= general lorm of the imcompressible 
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profile, the strength of the wake conponent was twice as great 
as that usually found for flat plate boundary layers. This has 
been attributed primarily to the effects of the pressure gradient 

,    noraal to the wall since modification of the correlation pro- 
cedure to account for the observed quadratic temperature dis- 
tribution produced essentially the same results.  In spite of 
this anomaly the experimental skin friction coefficient agreed 
with the theoretical value within several percent. 

(4) Although the mean flow measurements extended to 0.010 inches 
from the wall, no indication of a linear variation of velocity 
in the sub-layer was found.  Possible causes, including the 
effects of heat transfer, turbulence and instrument errors, 
were examined without conclusive results. The measurements 
indicate that the sub-layer is only 0.05 to 0.10 inches thick, 
which represents 1 to 2X of the total boundary layer thickness. 
The relatively Shin sub-layer has been attributed primarily to 
the high Reynolds number, Re^, of the present study. The sonic 
line was found to occur at Y = 0.05 inches so that up to 50Z 
of the outer portion of the sub-layer is supersonic. 

(5) The stagnation temperature profile calculated from hot-wire 
anemometer data is in good agreement with that deduced from 
the mean flow thermocouple measurements. A comparison of the 
unit stream Reynolds number obtained from the hot-wire and 
mean flow measurements showed the same trend, but differences 
as large as 507. were observed. The latter result is not unex- 
pected, however, since it is well known that the hot-wire pro- 
vides a relatively insensitive measure of Reynolds number. 
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APPENDIX A 

CALCULATION OF MEAN FLOW PROPERTIES FROH HQT-WIRE DATA 

The procedure for calculating properties of the mean flow in the boundary 
layer from the hot-wire data was programmed in Basic Language for the 
Honeywell Model 615 Computer System in time-sharing mode of operation as 
shown in the flow chart of Figure 34.  For eight values of hot-wire cur- 
rent, i, the,?corresponding resistance was determined from the measured 
■Kan voltage across the wire. The method of least squares was used then 
to provide a linear fit of R versus i2 from which the slope bR/b'" 7 and Taw 
could be found.  Using the latter to initially evaluate the thermal con- 
ductivity of the fluid, one can obtain the zeroth approximation to Nu 
from Eqn. (6).  From Nu0 and the calibration curve Re0 versus Nu0, the 
zeroth approximation to Re0 is obtained. The .calibration curve of ~ 
versus Re0 is used then to determine the recovery factor which, together 
with T , yields the zeroth approximation to the stagflation temperature T.. 
This, in turn, supplies an improved value of thermal conductivity and the 
procedure is repeated until the successive approximations to the stagnation 
temperature converge to the desired accuracy. 
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" ^«plrimental investigation was carried out to determine/the structure of the 
^lent boundary layer on the wall of the Jet Propulsion/Labo^tory Hypersonic 
Sihd i^el at alree^stream.Mach number rf 9,3/.  Profi/es ^^Z^^^8. 
were obtained from pitot pressure, static pressure, and votal temperature survey, 
made through the 6 inch thick boundary layer at a station 160 inches from the 
"zzle thr^t. Tests were conducted primarily for the following conditions: Uni, 
free-stream Heynolds number of. 127,000 per inch, corresponding to a Reynolds 
^mber based bi momentum thickness of 36,800, and ^ wall to frf-st'ea,,,r;to^1

iils 

^perature ratio of 0.385. A cursory examination of the boundary ^y"™^ 
„.ade at a unit stream Reynolds number of 67,000. The stat" P^ssu"/«,^"r^,|S' 
although indicating negligible streamwise variation, revealed the «^«^ « * 
slenlflcant pressure gradient normal to the wall, with the pressure at the wall 
ajp^ox^tel?^^ greater than its free-stream value.  The data ^"te. th-tth. 
profile ot total temperature ratio versus velocity ratio agrees "** *f"^ 
Jrocco theory In the sub-layer region, but in the outer portion of ^e boundary 
layer, closely follows the quadratic relation which has been observed to charac- 
tZlze nozzle wall measurements. The data also indicate that the flayer ts^ 
0.05 to 0.10 inches thick which corresponds to only seyeral percent of the total, 
b^nda^y layer thickness. Correlation of the velocity profile with the conven- 
t^rincoipressible profile shows poor agreement In the sub-layer and «al -of- 
t^ake^ons, with the latter attributed priWly to the P'"«»J« f*^ 
no^tto the wall. However, the experimental skin friction coefficient agrees 
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with the value predicted by the Van Driest theory within several percent. 
Finally, the total tenperature profile determined from a hot-wire anemometer 
traverse tfarougi the boundary layer is In good agreement with the thermocouple 

Its. 

~-v. 

r 
\ 

-73- 
V 

/ 

I 


